The present article is a critical literature review about studies which are based on LCA (life cycle assessment) and about studies which include environmental issues about concentrating solar systems (concentrating photovoltaic (CPV), concentrating solar power (CSP), etc.). The results reveal that CPV environmental profile depends on several factors such as the materials of the concentrator and the direct solar radiation.
INTRODUCTION
Concentrating solar energy systems can be used for small-scale applications (e.g. an expensive large receiver by a less expensive component e.g. reflecting area) and multiple configurations for BI applications (e.g. façade-integrated CPV or CPVT) [1, 2] .
Given the fact that concentrating solar systems are a promising technology with several advantages (in comparison to the solar systems without concentration) and interesting applications, Life Cycle Assessment (LCA) studies (and, in general, investigations which include environmental issues) can provide useful information about this technology. Studies based on LCA help for the evaluation of the environmental burdens from cradle-to-grave and facilitate fair comparisons of energy technologies [3] . In the literature, there are LCA studies and works which include environmental issues about concentrating solar systems. In the following paragraph, some of these investigations are presented.
Kreith et al. [4] presented a work about CO 2 emissions from fossil and solar power plants in USA. Several configurations, including high-concentration collectors, were discussed. The CO 2 estimations were based on a net energy analysis from operational systems and detailed design studies. It was demonstrated that energyconservation measures and shifting from fossil to renewable-energy sources have considerable long-term potential for the reduction of the CO 2 produced because of energy generation. In the work of Ferriere and Flamant [5] several environmental advantages of the concentrating solar systems were presented (predicted reduction of the cost per kWh of produced electricity (on a long-term basis) due to the technological progress; the concentrating solar systems provide an eco-friendly solution (with low CO 2 emissions) instead of using nuclear power plants, etc.). Masanet et al. [6] highlighted the role of LCA within the sector of electric power systems. It was noted that the application of LCA to electric power technologies is a vibrant research field that is likely to continue given the fact that the world is searching for solutions to meet growing electricity demand with reduced impact (in terms of the environment and the human health) [6] . Ferriere [7] discussed several aspects about the environmental and social benefits of concentrating solar power systems (low CO 2 emissions per kWh of produced electricity; possibilities for multiple configurations in terms of hybridization (e.g. with biomass) and storage; creation of new job opportunities, etc.). On the other hand, an evaluation about the environmental performance of several PV technologies, including CPV, with emphasis on Canada, has been conducted [8] . It was highlighted that PV systems have considerably lower impact (in terms of CO 2 emissions and other environmental indicators) than the use of fossil fuels for electricity production [8] .
In the literature there are also review studies which include LCA and, in general, environmental issues (e.g. reduction of CO 2 emissions and energy savings) about solar energy systems. In Table 1 , selected review studies are presented and it can be seen that most of the review articles about solar energy systems give emphasis on: a) PV LCA and there are few review studies which focus on environmental issues about CSP.
b) The technologies (characteristics of an installation, concentrators, materials for storage, etc.) and there are few review studies which include environmental issues about CPV and CPVT systems. By taking into account that concentrating solar systems offer some characteristics which are interesting from environmental point of view, it can be seen that there is a need for a review article which presents an overview of studies about concentrating solar systems from environmental point of view. In the frame of this concept, the present study is a critical review which includes LCA studies and, in general, investigations with environmental issues about different types of concentrating solar systems (CSP, CPV, CPVT, etc.). The main objective of the present review is to approach concentrating solar systems from environmental point of view. In the frame of this goal:
-The references are presented classified based on certain criteria (type of system, methods/environmental indicators adopted, etc.) which are related with the environmental profile of the systems.
-Issues about the materials for CPV concentrators, factors which influence CPV and CSP environmental profile and future prospects, are also included, in order to provide a complete picture of the systems based on different points of view.
-A critical discussion is also provided, identifying gaps in the literature and proposing methods/indicators which can give useful information about the environmental profile of concentrating solar systems.
GENERAL INFORMATION ABOUT METHODS AND INDICATORS
In section 2, some information about LCIA (life cycle impact assessment) methods and environmental indicators (related to the references of sections 3 and 4) is presented.
The concept of «embodied energy» presents the energy needed to process (and supply to the construction site) a material. In order to determine this embodied energy, an accounting methodology should be used for summing the energy inputs over the major part of the material supply chain or life-cycle e.g. of a system. In the same concept with embodied energy, the emissions of energy-related pollutants (for example CO 2 emissions which are associated to climate change and global warming) may be examined over the life-cycle. In this way, the notion of «embodied carbon» arises [31] .
Primary energy (energy sources) is the energy that is embodied in the natural resources (coal, crude oil, etc.) and it does not include anthropogenic conversions. This primary energy should be converted (and transported) so as to become «usable energy».
The embodied energy shows the energy used to produce a material substance, considering the energy utilized at the manufacturing facility, the energy utilized for the production of the materials that are used in the manufacturing facility, etc. [32] .
Related with the above mentioned issues, CED (cumulative energy demand) method presents characterization factors for the energy resources divided into nonrenewable and renewable impact categories [33] .
The primary energy demand over the life-cycle of a system can be utilized for example for the calculation of the energy metric EPBT. EPBT presents the time required for a renewable energy system to generate the same amount of energy (in terms of primary energy equivalent) that was used to produce the system itself [10] . Within the concept of EPBT, GPBT (greenhouse-gas payback time) [34] can be also evaluated, by considering the CO 2.eq emissions over system life-cycle. PBTs based on other types of methods such as ReCiPe and EI99 [35] can be also presented.
In Table 2 can be presented in DALY (disability adjusted life years).
Finally, it should be noted that there are some investigations which are based on LCCA (life cycle cost analysis). LCCA takes into account all the relevant present and future costs related to a system in order to determine the design which ensures that the facility will offer the lowest overall cost [36] . Table 3 , literature studies about CPV are presented, classified into two main categories: 1) high-concentration PV and 2) low-concentration PV.
From the review about high-concentration PV (Table 3) it can be noted that:
1) There are few investigations about CPVT.
2) Most of the references are about CPV with CR 500× and multi-junction PV cells.
3) The systems have been studied for several climatic conditions (Spain, USA, etc.). Based on the review about low-concentration PV (Table 3 ) it can be seen that:
1) There are few references about CPVT.
2) There are some investigations about CPV/CPVT for BI applications with CRs 2.8-10× and mono-crystalline PV cells.
3) The systems have been evaluated for several climatic conditions (Spain, UK, France, etc.).
4) The studies are based on multiple methods and environmental indicators: ReCiPe, EI99, CO 2.eq emissions, GPBT, embodied energy, EPBT, Ecological footprint, etc.
5) Some investigations include comparisons of CPVs with simple PVs (without concentration).
6) The results show that the environmental profile of a CPV system depends on several factors such as the solar irradiance and the materials of the concentrator.
7) The studies have been conducted over the years 2011-2016. while with Vtrough 2× an area of 5.6 m 2 is needed (to achieve the same power)
Regarding high-concentration PV for domestic applications, Renno and Petito [37] proposed a model for choosing the proper modular configuration for a point-focus CPVT system. The scope of the investigation was the evaluation of different configurations according to their energy/economic performances and space occupied.
The main CPVT components included the solar cells, the optics and the tracking system. The system considered was point-focus with parabolic mirrors, triple-junction cells and dual-axis tracking. It was found that the high-concentration level offers interesting solutions for domestic applications (from energetic and economic point of view) for southern Italy, taking into account CPVT life-cycle. In addition, significant reduction of CO 2 emissions was observed [37] . Concerning high-concentration PV for large-scale applications, several studies have been presented [38] [39] [40] [41] [42] [43] , highlighting that the tracking system shows a considerable environmental impact [38, 39, 41] .
With respect to the specific case of low-concentration PV for BI applications, Lamnatou et al. [34, 35] conducted an LCA for a BICPV (linear dielectric-based CPV with geometrical CR 2.8×). In Fig. 1 , details about the studied system are presented.
Two configurations (with and without reflective film) were evaluated. In Fig. 1 (a) and 1(b), a sample of the concentrator made by polyurethane and the solar cell utilized in the BICPV system [34, 35] are presented. In Fig. 1(c) , the two configurations (left without reflective film and right with reflective film) are shown. By utilizing the reflective film, the rays escaping from the corner are trapped and thus, the PV output increases [34, 35] . increase in system initial impact (embodied energy and embodied carbon; material manufacturing of the modules). Nevertheless, the results of the study [34] verify that, on a long-term basis, this additional impact is compensated (this is because the CPV with reflective film has higher electrical output in comparison to the CPV without reflective film). More specifically, it was found that the use of reflective film reduces around 11-12% the values of EPBT and GPBT. The EPBT was also evaluated with an alternative way by taking into account the replacement of the materials of a wall [34] .
The above mentioned BICPV has been also evaluated by Lamnatou et al. [35] based on additional methods/indicators (ReCiPe, ReCiPe PBT, EI99, EI99 PBT, USEtox, Ecological footprint, etc.), for Barcelona, Exeter and Dublin, verifying that the reflective film remarkably improves the environmental profile of the reference system (system without reflective film). The results according to ReCiPe/endpoint with characterization ( Fig. 2a) reveal that for all the components of the CPV system, climate change/human health, particulate matter formation and human toxicity are the categories with the highest impact (with climate change/human health showing the highest contribution to the total impact). By focusing on the total DALY impact for all the studied categories of Fig. 2(a) , it can be observed that PVs are responsible for the major part of DALY. On the other hand, in Fig. 2 (b) DALY impact (ReCiPe/endpoint with characterization) per kWh of produced electricity (for 25-years lifespan), is illustrated. From Fig. 2(b) , it can be seen that, among the studied cities, Barcelona shows the lowest impact and the use of reflective film reduces the impact (for all the studied cases) [35] . The BICPV system studied from LCA point of view by Lamnatou et al. [34, 35] : a) sample of the concentrator [35] , b) solar cell [34, 35] , c) the system without reflective film (left) and the system with reflective film along the edges (right) [34] , d) a configuration of the BICPV integrated into the façade of a building [35] (Sources: [34, 35] ). ReCiPe endpoint/with characterization: a) The contribution of each component 3 to the total impact of material manufacturing (43 modules; configuration with reflective film) according to climate change/human health, ozone depletion, human toxicity, photochemical oxidant formation, particulate matter formation and ionising radiation (DALY); b) DALY per kWh of produced electricity for Barcelona, Exeter and Dublin, configurations with/without reflective film, 25-years lifespan, studied categories: i) climate change/human health and ii) other categories (ozone depletion, human toxicity, photochemical oxidant formation, particulate matter formation and ionising radiation) (Source: [35] ).
Materials for concentrators of CPV systems and other factors which influence CPV environmental profile
Given the fact that the materials of the concentrator influence the profile (from environmental point of view) of a CPV system, in this section several aspects regarding these materials are presented, based on selected literature references.
With respect to the use of PMMA (polymethylmetacrylate) and SOG (siliconeon-glass) for Fresnel lenses for CPV applications, both materials present advantages and disadvantages. For example, PMMA has low weight but it has the drawback of the shape warp (which means shift of the lens focus). On the other hand, SOG is more resistant to erosion and scratching; however, it has low rigidity and it shows lens-facets deformation because of different thermal expansion of substrate and glass. Regarding the above mentioned issues, more information can be found in the studies of Cvetkovic et al. [47] and Hornung et al. [48] . In addition, Annen et al. [49] conducted a direct comparison of PMMA and SOG for Fresnel lenses for CPVs. In the literature there is also a review about the durability of Fresnel lenses, with emphasis on CPV applications: reference [50] .
Moreover, French et al. [51] presented a work about the optical properties of polymeric materials for CPV systems. It was noted that certain fluoropolymers offer desirable optical and physical properties for optical applications within the field of CPV. Ethylene backbone polymers (for example, polyvinylbutyral (PVB) sheet and poly(ethylene-co-vinyl acetate) (EVA)) can be utilized as encapsulants for crystalline silicon (c-Si) and other flat-plate PV configurations. It was also mentioned that these materials are available with a big variety of polymer compositions and additive packages (which affect their optical properties, for example in terms of the UV absorption edge) [51] .
On the other hand, the concept of LSC (luminescent solar concentrator) for PV applications was proposed several years ago [52] . Bomm et al. [53] conducted a study about the fabrication and full characterization of LSCs comprising CdSe core/multishell quantum dots (QDs). Transmission-electron-microscopy analysis revealed that QDs are well dispersed in the acrylic medium while maintaining a high quantum yield of 45%, resulting in highly transparent and luminescent polymer plates. A detailed optical analysis of the QD-LSCs was presented [53] .
Finally, it should be noted that in the literature there is a review study about coatings for concentrating solar systems [54] , including CPV schemes. The aim of [54] was to focus on the underlying chemistry and stability of some of the main coatings that are in use (or that are currently under investigation) so as to identify issues such as gaps in the knowledge and prospects in terms of performance improvements [54] .
In Table 4 , issues related with concentrators of CPV systems, based on selected literature studies, are presented. In terms of the materials shown in Table 4 , QD-LSCs need improvements in order to be commercially viable [53] . On the other hand, fluoropolymers (presented in [51] ) have applications as encapsulants in crystallinesilicon and other flat-plate PV systems (detailed optical properties of these materials will be useful for the design of the geometrical optics of a CPV system [51] ). With [53] Several fluoropolymers were presented and it was noted that the detailed optical properties of these materials will be useful for design the geometrical optics of a CPV system and for the optimization of system optical throughput Coatings for reflectors and glass receiver protector tubes: issues such as protection of reflector from corrosion, reflection losses and dirt were presented Other factors which influence CPV profile PV cell material: Chemisana (2011) [1] For CPV applications different types of PV cells can be adopted (multi-junction, mono-crystalline, etc.), depending on the system There are toxic products which are involved in the production of PV cells (depending on the type of the PV cell)
The issue of building integration: Chemisana (2011) [1] Certain CPV systems are appropriate for BI applications For BICPV another environmental issue is related with the fact that the system replaces the materials of a building component (e.g. of a wall) [1, 34] CR: Chemisana (2011) [1] CR also determines if a CPV is appropriate (or not) for BI applications
CPVs with CRs less than 10× are interesting for BI applications (they do not require tracking) Solar radiation: Renno et al.
(2015) [55] Since the optics should focus sunlight on the PV cells, CPV systems work by using direct solar radiation (thereby, it is important to have an accurate estimation of the global and direct radiation)
A methodological approach was proposed in order to evaluate the electric and thermal energy production of a point-focus CPVT Combination of CPV with another system e.g. with a CSP: Cocco et al. (2016) [56] A hybrid CSP-CPV system was proposed (in order to improve the dispatchability of solar power plants)
The results demonstrated the advantages of adopting an integrated management strategy in order to obtain a constant power output curve
LITERATURE REVIEW: CSP

LCA and environmental issues about CSP and other types of concentrating solar systems
In Table 5 , literature studies about CSP and other concentrating solar systems are presented and it can be noted that:
1) There are few investigations about dish-Stirling.
2) Most of the references are about CSP plants based on parabolic-trough and solar tower technologies.
3) Several studies examine scenarios which include hybridization of CSP plants with natural gas, biomass, etc.
4) There are few investigations which examine the effect of the storage materials on CSP environmental profile.
5) The systems have been evaluated for several climatic conditions (Spain, USA, etc.). [89] EI99, primary energy, CO2.eq emissions, etc.
Sicily, Italy
The most critical phase (in terms of the environmental impact) is the construction/assembly of the solar power plant, followed by shipping of the solar dishes from Australia (manufacturing) to Sicily (installation)
The aim was to assess the environmental impact of electricity production by means of a system that is hypothetical (1 MW solar thermal power plant; paraboloidal dish) USA cities Based on the GHG emission rate of unit electricity and gas consumption (for each of the studied cities of USA), the GHG reduction was evaluated: for most of
The results demonstrated that the proposed system will be competitive in comparison to traditional solar energy systems when adopted in Sunbelt region the cities, the reduction was found to be more than 4500 kg/year
Micro-combinedheat-and-power system including a parabolic-trough collector: Bouvier et al. (2016) [91] Overall performance of the system, etc.
La Rochelle, France
The temperature of the supply water for the building was about 60 o C (values above 80 o C can be achieved); thus, sufficient for hot water production or heating applications Micro-combined-heat-and-power systems are promising for the reduction of CO2 emissions and fossil-fuel consumption in buildings Multi-generation system which includes parabolic solar collector: Ozlu and Dincer (2016) [92] CO2 emissions, NOx emissions, SO2 emissions, cost issues, etc.
Toronto, Canada
The proposed system saves 1398 t/year CO2 in comparison to a conventional system for the production of the same outputs (demand of 94 suites)
The multi-generation system proposed provides heating, cooling, electricity and hydrogen by means of solar energy A system based on parabolic-trough solar collectors for an icecream factory: Kizilkan et al. (2016) [93] CO2 emissions, energy analysis, etc.
Isparta, Turkey
The CO2 emissions of the actual system are 1.23 t/year while those of the proposed system are 0.02 t/year A case study (proposed solar system) aiming to convert an existing conventional system to a solar energy system for an actual ice-cream factory was presented Parabolic-trough collectors with CR 19.89×: Valan Arasu and Sornakumar (2008) [94] LCCA, etc.
Madurai, India
The present worth based on the life-cycle solar savings was calculated for the solar system (that replaces an existing electric water heating system): it attains Rs. 23171.66 after 15 years
The application was water heating for a restaurant
With respect to CSP, Piemonte et al. [62] presented an LCA study about a molten-salt CSP plant combined with a biomass back-up burner, developed by the Italian Research Centre ENEA. The LCA was performed by means of SimaPro7 software. The methods of EI99, IPCC and CED were adopted. Three different configurations of power plants were compared: molten-salt CSP plant, oil power plant and gas power plant. The functional unit «production of 1 kWh e energy» was used and the system boundary was cradle-to-gate, including use phase. In Fig. 3 , the solar part of the CSP plant consisting of a solar-collector field of parabolic mirrors and the receiver tube, is illustrated. In Fig. 4 , findings from the work of Piemonte et al. [62] regarding LCA comparisons in terms of CED (Fig. 4a ) and in terms of GWP evaluated on a 100-years basis (Fig. 4b) , are presented. From Fig. 4(a) it can be seen that the CSP plant includes a high quantity of renewable energy while fossil energy requirements are around 85% less than those of the oil and gas power plants. These findings are in accordance with the remarkably lower GWP reported by the CSP configuration (in comparison to those of the oil and gas power plants): Fig. 4(b) . Results from the study of Piemonte et al. [62] . LCA comparisons (heavy-oil power plant, gas power plant vs. CSP ENEA) based on: a) CED and b) GWP 100a (IPCC) (Source: [62] ).
Multiple aspects related with CSP environmental impact
In Table 6 , different factors which influence CSP environmental profile are presented, classified into categories. From Table 6 it can be seen that these factors include multiple issues:
1) Cooling and water use (there is a big difference in terms of the water consumption of a CSP based on a water-cooling systems and that of a CSP based on a dry-cooling system).
2) Materials (for storage, for the concentrating devices, etc.): e.g. nitrate salts, silver and steel alloys.
3) Soiling and atmospheric aerosol loads (for example, soiling causes optical losses to the solar field of a CSP plant).
4) Combination of CSP with other systems (desalination systems, PVs, etc.).
5) Land use, lifespan of system components, operation and maintenance needs, etc.
Finally, it should be noted that another factor is related with the location of the CSP plant since the location determines critical issues such as solar irradiance, soiling and land use. Martín (2015) [95] Almeria, Spain
For the selected location, the wet-based system produces slightly less CO2 than the air-cooled system The studied nanofluids presented higher energetic and exergetic efficiencies comparing to the studied molten salts; parabolic-dish and parabolic-trough collectors were utilized
The overall performance of a parabolic-dish solar collector was found to be higher with the adoption of nanofluids as solar absorbers The best coupling was found to be «reverse osmosis unit connected to the local grid» (this option presented the lower levelized water cost [108] )
Although the low-temperature multi-effect distillation with thermo-compression was not so favorable for the Mediterranean, the differences with the CSP with reverse osmosis were not too big (for some cases even negligible) [107] Combination of wind turbines, CSP, hydroelectricity and wave power: A novel central receiver was proposed in order to improve the efficiency of the solar tower
The proposed configuration combines an external and a cavity receiver, for the boiling and superheating sections, respectively
SEVERAL ISSUES RELATED WITH CONCENTRATING SOLAR SYSTEMS AND FUTURE PROSPECTS
End-of-life materials and recycling
In the frame of an LCA study, scenarios which examine the effect of material recycling are of great interest since recycling can lead to considerable reduction of the impact (depending on the materials which are considered for recycling and depending on the studied systems). Scenarios which include recycling can refer, for example, to copper, aluminium and glass components of solar thermal systems [114, 115] .
Other aspects, interesting from environmental point of view, are related with the recovery of valuable materials from end-of-life PV panels [116] , the identification of weak points of the recycling processes of PV panels (conventional vs. innovative scenarios of recycling can be examined) [116] and PV panel disposal in a landfill site [116] . Moreover, in the work of Halasah et al. [42] it was noted that by comparing CPV and flat-plate configurations, it is clear that for crystalline silicon-based PVs, the main contributors to embodied energy are PV cells since the process of producing the silicon is very energy-intensive. Thereby, reducing the required energy is related with technological improvements [42] . Halasah et al. [42] also mentioned that aluminium frame is another significant contributor which effect can be reduced by increasing the amount of recycled aluminium utilized.
On the other hand, in the LCA studies of Lamnatou et al. [34, 35] about a BICPV system, recycling for the aluminium frame of the BOS was taken into account.
Within the field of BICPV, in the review of Chemisana [1] it was noted that among the advantages that CPV offer (in comparison to conventional flat panels without concentration) is related with the ease of recycling of the constituent materials.
Furthermore, in the study of Kammen et al. [117] issues about recycling of CPV systems were presented.
Regarding high-concentrating PV power generation systems, in the work of Nishimura et al. [39] several scenarios were examined, including recycling as treatment after system usage. Furthermore, in the investigation of Peharz and Dimroth [41] about the high-concentrating PV System FLATCON® it was mentioned that the recycling of the FLATCON® concentrator is specifically easy since the greatest part of the materials refers to steel (for the tracking) and glass (for the modules). In addition, the solar cells are mounted on single copper heat spreaders (which can also be removed at the end of the system lifespan) [41] . Peharz and Dimroth [41] highlighted that recycling of raw materials can have a significant influence on the calculations of the EPBT.
Moreover, in the study of Romero-Alvarez and Zarza [80] about CSP installations, it was noted that most of the solar field materials/structures can be recycled and in this way, they can be used again for other plants. Furthermore, in reference [118] a CSP plant based on Fresnel mirrors it was proposed and it was mentioned that the system has low environmental impact since it consists of fully recyclable materials (glass and steel). In addition, Py et al. [119] presented a work about thermal storage for solar power plants, based on low-cost recycled materials. It was noted that the storage of large amounts of heat requires large amounts of materials (and thus, there is high cost and high environmental impact).
Moreover, in the comparative LCA study of Adeoye et al. [67] , regarding thermal-energy storage configurations for CSP plants, several scenarios were examined including material recycling and water recycling. In terms of material recycling, recycling of steel, glass, polyethylene and polyvinylchloride were considered. The energy required for dismantling the plant was taken into account while the energy needed for separating the dismantled materials was not taken into account. Regarding water recycling, an on-site membrane bio-reactor was considered for the treatment of the water used for cleaning the mirrors. Construction, operation and maintenance of the membrane bio-reactor were taken into account. It was noted that this almost eliminated the use of desalinated water [67] .
Comments and future prospects
By taking into account the literature review presented (sections 3 and 4), some comments (which can be also viewed as future prospects for research) are following presented:
1) Regarding CPV, there is a need for more studies which examine:
-A range of different CRs (in order to investigate the effect of CR and the effect of the optical losses on the environmental profile of a CPV system).
-CPVT systems for production of both electricity and thermal energy.
-Low-concentration CPV.
-Strategies to reduce the impact (e.g. by recycling and by adoption of manufacturing processes with lower impact) of certain components such as the tracking (especially for the large-scale installations), the concentrators and the PV cells.
2) Concerning CSP, there is a need for more investigations about:
-Dish-Stirling systems.
-The effect of the storage materials on the environmental profile of the whole CSP plant.
-Strategies for water savings (water-efficient coolers, etc.) in CSP cooling system.
-The effect of soiling on CSP performance (from energetic and from environmental point of view).
3) In general, within the field of concentrating solar systems, there is a need for more studies:
-Based on Fresnel lenses and reflectors.
-For small-scale systems for buildings, for example for BI configurations.
-For multiple final applications (desalination, drying, etc.).
4)
In terms of the adopted methods/environmental indicators, certainly CO 2.eq emissions, embodied energy and EPBT can provide useful information for CPV, CSP (and, in general for concentrating solar systems); however, there is a need for use of additional methods which can also provide useful information (e.g. LCIA methods which combine midpoint with endpoint approach such as ReCiPe and IMPACT 2002+).
CONCLUSIONS
The present article is a critical literature review about studies which are based on LCA and about studies which include environmental issues about concentrating solar systems. The references are presented according to certain criteria (type of the system (CSP, CPV, CPVT), etc.). Additional issues related to the environmental profile of concentrating solar systems are also presented.
Based on the literature review about high-concentration PV it can be mentioned that most of the investigations have been conducted between the years 2010-2015, they examine CO 2.eq emissions, embodied energy and EPBT. In terms of the impact of these systems, for most of the cases high-concentrating CPV systems present CO 2.eq emissions less than 50 g/kWh and EPBTs less than 1 year.
According to the literature review about low-concentration PV, it can be noted that most of the studies have been presented between the years 2011-2016 and they are based on different methods/environmental indicators (ReCiPe, EI99, embodied energy, EPBT, CO 2.eq emissions, GPBT, etc.).
Moreover, the results demonstrate that CPV environmental profile depends on several factors such as the direct solar radiation, the materials of the concentrator (PMMA, SOG, etc.) and the materials of the PV cells.
On the other hand, the literature review about CSP shows that most of the references are about parabolic-trough and solar tower technologies and they have been conducted between the years 2011-2016. In terms of the studied issues, most of the cases examine CO 2.eq emissions; however, there are several studies which are based on embodied energy, EPBT and LCIA methods with midpoint and/or endpoint approaches and economic issues. For most of the investigations CSP plants present CO 2.eq emissions less than 40 g/kWh and EPBTs around 1 year.
There are different factors which influence CSP environmental profile, including cooling and water use, materials (for storage, for the concentrating devices, etc.), soiling, land use, lifespan of system components, operation and maintenance needs, location, etc.
By considering the literature review presented it can be noted that:
1) With respect to CPV, there is a need for more studies which examine different CRs,
CPVT systems for production of both electricity and thermal energy, low-concentration CPV, strategies to reduce the impact (e.g. by recycling) of certain components such as the tracking (especially for the large-scale installations) and the concentrators.
2) Regarding CSP, there is a need for more investigations about dish-Stirling systems, the effect of the storage materials on the environmental profile of the whole CSP plant, strategies for water savings in CSP cooling system, the effect of soiling on CSP performance (from energetic and from environmental point of view).
3) In general, within the field of concentrating solar systems, there is a need for more studies with Fresnel lenses and reflectors, for small-scale systems for buildings (e.g. BI)
and for multiple final applications (desalination, drying, etc.).
4)
Concerning the adopted methods/environmental indicators, certainly CO 2.eq emissions, embodied energy and EPBT can provide useful information for concentrating solar systems; nevertheless, there is a need for adoption of additional methods which can also offer useful information (e.g. LCIA methods which include midpoint and endpoint approaches such as ReCiPe and IMPACT 2002+).
Conclusively, the present review article provides an overview within the field of LCA/environmental investigations about concentrating solar systems, identifying gaps of the literature and critical issues related with the environmental profile of several concentrating solar technologies.
